STEM CELLS IN A DEVELOPMENTAL PERSPECTIVE
The human central nervous system (CNS) is one of the most remarkable products of evolution, and the neural substrate of our mental functions. Anatomy and embryology show us that the fundamental structure of the neural tube has been preserved during the past 400 million years of evolution. The genes that govern CNS morphogenesis are evolutionarily conserved families of transcription factors. The construction of the CNS proceeds through successive phases of gene expression that progressively restrict the potential of progenitor cells. Before organogenesis, broadly expressed gene products define embryonic polarity and distinguish the brain from the neural tube. During later phases of development, progenitor cells are subdivided into fields each characterized by a distinct pattern of transcriptional regulators that will eventually direct the differentiation of specific sets of neurons. Cell specification and differentiation is tightly coupled to cell growth through mechanisms that are still largely unidentified.
The recent rediscovery of Altman's original findings (Altman 1962; Altman and Das 1966) that neurogenesis still occurs in the adult mammalian brain, including humans (Eriksson et al. 1998b) , apparently contradicts the rules of this tightly orchestrated sequence of developmental events. Neuronal progenitors have been identified in the adult hippocampal subgranular zone and the telencephalic subventricular zone (SVZ); these cells give rise to new neurons that migrate to the dentate gy-rus and the olfactory bulb, respectively (Cameron et al. 1993; Lois and Alvarez-Buylla 1993; Luskin 1993; Morshead et al. 1994) .
In vitro studies have identified neuroepithelial cells that undergo self-renewal and are capable of giving rise to diverse progeny, including neurons, astrocytes, and oligodendrocytes (Figure 1 ) Richards et al. 1992; Davis and Temple 1994) . These progenitor cells have been called "neural stem cells." Neural stem cells have been isolated from various regions of the embryonic neural tube and from the adult SVZ (McKay 1997; Temple and Alvarez-Buylla 1999) . Upon transplantation, in vitro cultured stem/progenitor cells from the hippocampus or the SVZ are able to populate other brain regions, suggesting a broader developmental potential (Suhonen et al. 1996; Lim et al. 1997) . These studies have suggested that the normal adult CNS contains neural progenitor cells that are capable of integrating into different sites and perhaps give rise to a large variety of mature cell types.
Are stem cells able to escape the progressive restriction of cell fates that occurs over the course of development, or are stem cells still subjected to cell fate restriction rules in vivo? There are several issues to be resolved. The first is whether a cell that is able to generate neurons and glial cells is a truly multipotential cell. This question is especially relevant since it has been discovered that neurons can be generated from cells of glial lineages, such as radial glia and astrocytes, suggesting that neurons and glia belong to the same lineage (Doetsch et al. 1999; Malatesta et al. 2000; Noctor et al. 2001) . Furthermore, stem cells isolated from postnatal CNS have not been able to generate widely different neuronal lineages and neuronal types such as pyramidal cortical neurons, cerebellar Purkinje cells or hippocampal pyramidal neurons, either in vitro or after transplantation in vivo.
The idea of multipotential stem cells that can be induced by soluble factors to give rise to all the adult cell lineages of a certain tissue was developed in the hematopoietic system (reviewed in Anderson 2001) . This concept may not be entirely applicable to the CNS, which undergoes a complex regional differentiation and where cells permanently occupy a certain location that is essential for their function. During development, lineage restriction occurs along compartment boundaries; because in the CNS cellular differentiation is tightly coupled to the region of the neuroepithelium from where the cell develops, genes that regulate CNS pattern formation may be key for stem and progenitor cells to develop their unique neuronal phenotypes. At the present state of knowledge, we can conclude that stem cells are able to generate neurons and glia but may remain confined within a certain lineage, which is linked to the regional and temporal specification of the cells of origin (cortical versus spinal cord, for example). It remains to be seen whether, after simplified in vitro growth conditions, stem and progenitor cells can lose the set of genetic programs that are operative in the intact CNS and whether they can be induced to re-program themselves. This may depend on our capability of identifying the molecular principles governing stem cell proliferation and regional differentiation.
In this paper, we will briefly review the properties of stem cells over the course of development. Much has to be learned from comparing mechanisms operating during early development, as these are likely to be reused within adult stem cells. We will argue that the commitment and cell fate restriction of stem cells has not been adequately examined. Understanding the genetic mechanisms that are able to program these cells toward particular fates during embryogenesis are key to exploiting this emerging field for therapeutic purposes.
EMBRYONIC STEM CELLS
Before the onset of neurogenesis, progenitor cells throughout the CNS express regulatory genes that subdivide each region into compartments and regulate their size (Puelles and Rubenstein 1993; Rubenstein and Shimamura 1997). Many of these genes are transcription factors of the homeodomain class. These genes are at the top of a hierarchy of genetic programs that specify cell fates, growth and neuronal connections. Progenitor cells generate neurons during early to mid-embryogenesis. Neurons progressively migrate to their target sites, some of them carrying with them the legacy of transcription factors expressed by their progenitors. For example, the homeodomain gene Otx1 , expressed in a decreasing antero-posterior gradient by cortical progenitor cells, continues to be expressed by their cortical neuron progenies (Simeone et al. 1992; Frantz et al. 1994 Tropepe et al. 2001) . Neural fate is suppressed by Transforming Growth Factor ␤ (TGF-␤ ) signaling, which actively promotes epidermal differentiation. In vivo, neural-inducing molecules are actually TGF-␤ antagonists (noggin, follistatin, chordin) that inhibit TGF-␤ signaling and epidermal fate, allowing neural differentiation in restricted portions of the embryo (Beddington and Robertson 1999) .
Fibroblast growth factors (Fgf) are required from the very onset to promote differentiation within the neural lineage (Pownall et al. 1996; Hongo et al. 1999; Tropepe et al. 2001) (Figure 2) . Thus, the antagonism of TGF-␤ signaling and the local release of an Fgf may allow the emergence of generic progenitors of the neural lineage, or primitive neural stem cells , much before definitive nerve cells are born. The molecular mechanisms by which primitive neural stem cells may directly derive from ES cells are not clearly understood. Most likely, Fgf cooperates with LIF to induce the expression of nuclear transcription factors that "switch on" neural programs of gene expression. By contrast, LIFinduced Stat-3 may induce the homeodomain transcription factor Oct-3/4 to control the differentiation of ES cells into primitive endoderm and mesoderm (Niwa et al. 2000) . Each step in the progressive commitment and differentiation of stem cells is characterized by the expression of unique patterns of homeodomain genes and growth factor receptors (Vaccarino 2000) . Some of the growth factors involved in this time and region-dependent differentiation are schematically shown in Figure 2 .
Primitive neural stem cells developing directly from ES cells have a wider potential as they can contribute to many tissues in all germ layers upon transplantation, and express neural as well as endodermal markers. In contrast, neural stem cells isolated at E8.5 from the CNS have apparently lost this potential (Tropepe et al. 2001) . Similar studies suggest that neural stem cells are already committed to a regional fate by E12.5 in mouse (Olsson et al. 1997) . Thus, neural stem cells may undergo a progressive fate restriction, along which they show different growth factors requirements. However, in vitro expanded adult stem cells have been reported to generate cells of the mesodermal lineage such as muscle or blood (Bjornson et al. 1999; Galli et al. 2000) . How do we reconcile or understand these divergent findings?
Because progenitor cells isolated from later stages of development and transplanted into younger CNS have been largely unable to generate cells typical of the earlier period, neural cells are thought to permanently restrict This general idea accounts for the observation of competitive interactions among pools of cells during development, including the known inhibitory effect of neurons on the division of their progenitors, both in the hippocampus and the olfactory epithelium ( Figure 3 , Panel B) (Gould and Tanapat 1997; Calof et al. 1998) . Most certainly these effects are not cell autonomous but require cell interactions, involving adhesion molecules and other signaling factors that reflect the intrinsic history of the cells. Dividing cells may "sense" their environment at specific phases of the cell cycle and check their molecular signature against that of their environment, a well-known developmental phenomenon called "community effect" (Gurdon 1988; Gurdon et al. 1993) . The inability of the progenitor cells to adjust to their environment may result in their reception of "incongruent" signals, producing cell cycle arrest. Such situations may be their transplantation into a younger environment or the accumulation of their own progeny. The "stop" or "go" signals may involve the synthesis of universal regulators of the cell cycle or growth factor receptors (see Molecular Mechanisms of Stem Cell Differentiation). In conclusion, the environment may play a critical role in the implementation of the potential of a stem or progenitor cell. Certain non-CNS environments, such as the bone marrow, may be more permissive and/ or are able to exert a much stronger "community effect". These molecular signals are likely to be involved in the termination of cortical neurogenesis. During the time period E11-E17, the generation of neuronal progenitors from stem cells first rises and then, after about E14.5, becomes progressively lesser than their differentiation into neurons. Consequently the proportion of progenitor cells that exit the cycle dramatically increases, effectively ending neurogenesis (Takahashi et al. 1996) . These dynamics suggest that the generation of transit-amplifying cells and/or neuronal progenitor cells sharply declines during the late embryonic period (steps 1 and 4 in Figure  1 ). Alternatively, it is possible that neuronal progenitors lack critical survival factors and the majority of them die rather than differentiate (step 3 in Figure 1 ). Possible molecular mechanisms are the downregulation of critical growth factors and homedomain genes that may be necessary for the generation or survival of neuronal progenitors from stem cells. A typical example is Otx1 and Fgf2 in the cerebral cortical neuroepithelium (Frantz et al. 1994; Vaccarino et al. 1999a; Vaccarino 2000) .
MOLECULAR MECHANISMS OF STEM CELL DIFFERENTIATION
Positive and negative interactions between extracellular growth factors including the Sonic Hedgehog (Shh), Wing- Stages "a" through "d" represent developmental waves of gene expression in progenitor cells; arrows and bars indicate positive and negative regulation, respectively. Stage "a" may be congruent with "b" or any of the subsequent stages because it is able to induce positive signals that upregulate gene expression and corresponding surface codes to match that of the later environments. In contrast, cells in "d" may not be able to regulate their surface properties to match those of earlier environments because of the presence of strong transcriptional repressors. Panel B: Neuronal progenitors and neurons are thought to exert a tonic inhibitory effect on stem cell proliferation by way of decreasing the release of an astrocyte mitogen such as Fgf2. Thus, the death of either neuronal progenitors or mature neurons should release stem cells from this inhibition, explaining the stimulatory effect on neurogenesis of deafferentation or neuronal apoptosis. Learning and enriched environments are thought to prevent the apoptosis of neuronal progenitors or newly generated neurons. Neuronal progenitors may be a form of radial glia. Symbols as in Figure 1 .
their potential (McConnell 1990; Lumsden 1991) . Fate restriction is thought to be mediated by transcription factors that self-maintain their own expression and repress transcriptional regulators expressed at earlier stages of less (Wnt), or Fgf and homeodomain genes are likely to regulate the regional and cellular differentiation of neural stem cells. These signaling systems may play an important role in inducing appropriate "waves" of transcription factors in progenitor cells (arrows in Figure 3 , Panel A). Wnt and Shh are required for the generation of neuronal cell groups within the mesencephalon and spinal cord, respectively (McMahon and Bradley 1990; Hynes et al. 1995; Ericson et al. 1997; Jessel and Lumsden 1997; Lee et al. 1997 ). The Fgf family comprises 22 ligands and four receptors, of which two, Fgfr-1 and 2, are important for CNS development. It is tempting to speculate that individual Fgf ligands and receptors are necessary for the growth of specific regions of the CNS. For example, the disruption of the Fgf8 gene causes the absence of a portion of the mesencephalon and the cerebellum (Meyers et al. 1998) , whereas the lack of Fgf2 decreases the number of cells within the cerebral cortex (Ortega et al. 1998; Vaccarino et al. 1999b ). In addition, Fgf8 ectopically expressed in the diencephalon can induce the growth of midbrain or cerebellar tissue in this new location (Crossley et al. 1996) . Fgf8 changes the fate of progenitor cells from forebrain into anterior hindbrain by inducing homedomain genes that are normally expressed in the mesencephalic/metencephalic junction. Thus, Fgf8 represses Otx2 and Pax6 (typical of the forebrain) and enhances the expression of En1/2 , Wnt-1 and Gbx2 (typical of the mesencephalon or cerebellum) (Liu et al. 1999; Martinez et al. 1999; Liu and Joyner 2001) . Because these actions are exerted in the embryonic neuroepithelium, before the onset of neurogenesis, it is likely that Fgf-homeodomain interactions modify the fate of stem cells and their progeny.
In contrast, the exogenous delivery of Fgf2 in the embryonic lateral ventricles increases the generation of cortical pyramidal neurons (Vaccarino et al. 1999b ). In the forebrain, Fgf2 is expressed in the dorsolateral cortical neuroepithelium (pseudostratified ventrical epithelium, or PVE) overlapping the expression of Otx1 and Pax6 mRNAs (Vaccarino et al. 1999b ). Fgf2 increases the number of the embryonic progenitors for cortical pyramidal neurons in vitro and the expression of Otx2 and Emx genes in these progenitors (Robel et al. 1995; Vaccarino et al. 1995) . Fgf2 null mutant mice have a 50% reduction in cortical progenitor cell number before the beginning of neurogenesis (Raballo et al. 2000) . In the absence of Fgf2, approximately 40% of pyramidal glutamatergic neurons of the neocortex are not generated (Korada et al., submitted) . In conclusion, two different Fgf ligands, Fgf2 and Fgf8, may be required for the proliferation or differentiation of stem cells or their progeny in different CNS regions. These region-specific effects may be explained by reciprocal interactions between Fgfs and regional patterns of homeodomain gene expression.
In contrast to the above results in vivo, basic Fgf (Fgf2) added in vitro will enhance the proliferation and differentiation of neuroepithelial stem cells from various CNS regions, including the hippocampus and the spinal cord (Ray and Gage 1994; Vaccarino et al. 1995; Mayer-Proeschel et al. 1997 ). However, there are no abnormalities in cell number within the hippocampus in Fgf2 knockout mice. Similarly, Fgf2 is not necessary for the production of GABAergic interneurons from the basal ganglia. A likely explanation is that Fgf2 added in vitro mimics the action of other Fgf ligands with similar receptor binding specificity. Alternatively, it is possible that the knockout of Fgf2 in the germline allows the development of compensatory events in some CNS regions but not in the cerebral cortex. Both hypotheses are consistent with the known presence of at least 22 Fgflike ligands differentially expressed throughout the developing and adult CNS, some of which are candidates for compensatory or redundant actions (Ornitz and Itoh 2001) . Fgfs may increase the generation of dividing progeny from stem cells, which is consistent with their promotion of cell divisions. In addition, their positive effect on neurogenesis and maintenance of region-specific homeodomain gene expression suggest that Fgfs are able to alter the specification of stem cells. It would be important to find out whether specific Fgfs (in conjunction with other factors) can direct the differentiation of stem cells to region-specific phenotyes.
ADULT STEM CELLS
Adult neurogenesis is a phylogenetically conserved process that has been associated with seasonal song learning in birds (Alvarez-Buylla and Kirn 1997). In the mammalian brain, new neurons arise continually from stem and progenitor cells in two specialized forebrain germinal areas: the hippocampal subgranular layer and the SVZ (Bayer et al. 1982; Lois and Alvarez-Buylla 1993; Lim et al. 1997; Temple and Alvarez-Buylla 1999) .
In the adult SVZ, progenitor cells constitutively proliferate in a steady-state fashion; they are thought to arise from stem cells through transit amplifying cells (Figure 1 ). Although the exact lineage and mode of division of adult stem cells is unclear, their cell cycle time has been suggested to increase with age, and it is likely to be in the range of 50 h or more . In contrast, the cell cycle of neural progenitor cells is much shorter, and has been estimated to be about 13 h in the adult SVZ (Morshead et al. 1998; Martens et al. 2000) . Progenitor cells are constitutively proliferating within the adult SVZ, and are more likely to be killed by a pulse of antimitotic agents than stem cells. This explains why after such treatments the constitutively proliferating population of the adult SVZ is repopulated after few days through an increased proliferation of stem cells and/or the transit amplifying cells .
The cell cycle of progenitor cells within the adult hippocampus has been estimated to be 24 h, with ap-proximately 9,000 granule cells generated each day (Cameron and McKay 2001) . Hippocampal granule neurons are born continuously through life even in primates and humans, suggesting that adult neurogenesis is not confined to the rodent brain (Eriksson et al. 1998a; Kornack and Rakic 1999) . Because stem cells capable of giving rise to both neurons and glia in vitro have been isolated from virtually every adult brain region, including white matter, the capability of generating nerve cells may be latent throughout the CNS (Palmer et al. 1999) . We know very little about the commitment of these progenitor cells to generating region-specific cell types, their intrinsic potential to change their fate after transplantation to a different site, and conditions that may promote trans-differentiation.
Stem cells appear to be present in the SVZ in all vertebrate species tested. As in the embryo, stem cells can be isolated from many CNS regions using two growth factors that are necessary for their proliferation and survival: Epidermal Growth Factor (EGF) and Fgf2 Tropepe et al. 1999) . The intraventricular delivery of Fgf2 increases cell proliferation within the adult SVZ (Craig et al. 1996; Kuhn et al. 1997) ; however, it no longer promotes the generation of pyramidal neurons in the cerebral cortex, in contrast to its capacity to do so during embryogenesis (Vaccarino et al. 1999b ). This may suggest that the neuronal progenitors that are generated in the adult SVZ are no longer specified for the production of pyramidal neurons, or they are no longer competent to respond to Fgf2 in the same way they do in the embryonic PVE (i.e., by upregulating the same set of homeodomain genes). The loss of competency is also supported by transplantation experiments in which adult progenitor/stem cells seem no longer able to reproduce the variety of neuronal phenotypes produced during embryogenesis. Although "stem cells" from the adult SVZ are able to produce generic neurons and glia in vitro, their potential to produce specific types of CNS neurons such as glutamate-containing cortical neurons or hippocampal pyramidal neurons is unclear. These highly specialized neuronal types have so far been obtained after isolation of stem/progenitor cells from their prospective embryonic CNS regions (Ray et al. 1993; Vaccarino et al. 1995) . For example, SVZ cells readily differentiate and mature into thousand of new neurons and glial cells in the presence of optimal amounts of EGF or Fgf2 in vitro. However, their competence to differentiate into glutamate-containing cortical pyramidal neurons, hippocampal pyramidal cells, cholinergic neurons or other specialized, region specific phenotypes, has not been assessed.
It is also possible that rare "multipotential" stem cells persist in the CNS but their differentiation and integration into specific CNS regions is no longer permitted after the appropriate embryonic stages. For example, a number of progenitors die before differentiation. Because only a subset of these cells normally mature and differentiate into neurons in vivo, it possible that the lack of generation of pyramidal cells in the adult is due to selective factors. That is, progenitors would be generated but would not integrate into the cerebral cortex because this tissue is no longer permissive for their differentiation and maturation unless special circumstances arise locally. The cause of progenitor death has not been established, but a likely possibility is the relative lack of survival factors, combined with the presence of inhibitory signals from mature neurons and other CNS cells (see below). Against this possibility is evidence that certain embryonic cell lines can appropriately differentiate within the adult CNS (Whittemore 2000) .
An understanding of the regulation of adult stem cells is closely tied to a better definition of their role and the factors that regulate their cycle. For example, it appears that cognitive factors affect progenitor cell survival in the hippocampus. Many more new neurons will survive from these progenitors in an enriched environment or in conditions of active learning (Gould et al. 1999; Kempermann and Gage 2000) . Other experiments have shown that killing neuronal progenitors greatly promotes the proliferation of stem cells and their progeny, until, few days later, the entire population of dividing progenitors within the SVZ is replenished . Similarly, stem and progenitor cell proliferation is stimulated by other conditions in which there is neuronal apoptosis, such as acute hypoxia/ ischemia (Liu et al. 1998 ).
In the developing hippocampus, the extent of granule cell neurogenesis is negatively correlated to the excitatory input to the granule cells (Gould and Cameron 1996) . Gould and colleagues have shown that stress decreases cell proliferation in the hippocampal granular zone and that the negative effect of stress and adrenal hormones on hippocampal neurogenesis is mediated by a stimulation of NMDA receptors, presumably on mature granule cells (Cameron et al. 1998; Gould et al. 1998) . Thus, excitatory NMDA receptors downregulate neurogenesis in adult animals, and the blockade of these receptors, in an as yet unknown manner, upregulates cell proliferation in the dentate gyrus.
The mechanisms at work in this regulation are the focus of active investigations. Current evidence suggest that hippocampal neurogenesis is promoted by chronic antidepressant treatment, which counteracts the effect of stress Malberg et al. 1999 ) "Regulation of adult neurogenesis by antidepressant treatment by Duman et al., this issue (Duman et al. 2001) . Because excitatory NMDA receptors and glucocorticoid receptors are not on progenitor cells, but on mature neurons, these results suggest that an intermediary cell must mediate the tonic inhibitory effect of differentiating as well as mature neurons on progenitor cells (Figure 3, Panel B) . Be-cause astrocytes are profoundly affected by neuronal activity and also have been proposed to have a role in neurogenesis, it is possible that the inhibitory effects of neuronal activity on neurogenesis in the hippocampus and SVZ are mediated by the network of astroglial cells. That is, neurons would downregulate stem/progenitor cell proliferation indirectly, by inhibiting intermediary astrocytic cells whose function is to is enhance stem cell cell proliferation (Figure 3, Panel B) . Although no direct evidence for this pathway has been obtained yet, it is consistent with the role of glial cells in the regulation of neurogenesis within the CNS.
These recent results raise the question of whether chronic stress may alter patterns of adult neurogenesis and may predispose to the development of mood and anxiety disorders through an action on glial cells. Intriguingly, the hippocampus of victims of post-traumatic stress disorder (PTSD) and of depressed patients is smaller than controls (Bremner et al. 1995; Bremner and Narayan 1998; Sha et al. 1998; Bremner et al. 2000) . Alterations in cortical cell density have been also found in depressed subjects by postmortem morphological analyses (Ongur et al. 1998; Rajkowska et al. 1999) . The causes of these morphological effects are not clear: are they possibly due to a degenerative process or to a lack of neurogenesis, leading to a failure of normal turnover in hippocampal cell number? Whatever the mechanism, antidepressant may exert their beneficial effect in part through a reversal of this process.
Thus, an epigenetic condition that is likely to affect the generation of new cells is cell death (see "Manipulation of neural precursors in situ: Induction of neurogenesis in the neocortex of adult mice" by Magavi and Macklis, this issue (Magavi and Macklis, 2001) . In keeping with the above concepts, the induction of apoptotic death in cortical pyramidal neurons may provide an appropriate environment for the generation and migration of cortical progenitor cells. For example, apoptotic cell death may induce the re-expression in the mature brain of developmental signals that control proliferation, survival, differentiation and migration of progenitor cells (Sheen and Macklis 1995) . Multiple signals, again originating from mature neurons, are likely to affect these events, possibly reiterating, in the mature brain, gene cascades that occur at earlier stages of development (Vaccarino 2000) .
STEM CELLS AND CNS REGENERATION
Regeneration and plasticity is a function shared by many phylogenetically older species, which has been so far thought to be incompatible with the stability of mammalian brain and advanced mental abilities. However, the brain may share with other organs regenerative mechanisms that will attempt to replace what is lost after various forms of damage.
Converging evidence suggests that regenerative responses may involve astrocytes. It has been recently proposed that stem cells belong to the glial lineage, because GFAP-immunoreactive astrocytes within the SVZ have characteristics consistent with stem cells both in vitro and in vivo (Doetsch et al. 1999; Laywell et al. 2000 ). An alternative theory is for ependymal cells to be stem cells (Johansson et al. 1999) . Remarkably, two Fgf receptors are expressed by these non-neuronal cells in the postnatal brain: Fgfr-1 is expressed by the ependyma and Fgfr-2 by SVZ astrocytes (Figure 4) . The Fgfr-1 protein is almost undetectable under basal condition, and greatly upregulated by CNS insults, particularly acute and chronic hypoxia (Ganat et al., submitted) . As noted above, Fgf2 and Fgfr-1 are critical for the proliferation or survival of embryonic forebrain stem cells in vitro and in vivo .
In hypoxia and other forms of injury, astrocytes undergo a complex series of changes (Ridet et al. 1997) . Nuclear Fgf2 expression is enhanced in astrocytes under hypoxia, and Fgf2-positive astrocytes increase in number throughout the brain (Frautschy et al. 1991; Endoh et al. 1994; Hara et al. 1994; Ganat et al., submitted) . After several days of chronic hypoxia, there is a decrease in GFAP staining throughout the cerebral cortex and an increase expression of vimentin and Brain Lipid Binding Protein (BLBP), two markers for radial glia, in astrocytic cells near the SVZ (Ganat et al., submitted) . Because vimentin decreases and GFAP increases as the astrocytes mature, these results suggest that astrocytes revert to a more immature form of glia after prolonged periods of hypoxic stress. Previous work has suggested that mature astrocytes transform into radial glia if exposed to soluble factors present in the embryonic brain (Hunter and Hatten 1995) .
During embryonic development, radial glia divide, produce neurons (Noctor et al. 2001 ) and express Fgfr-1 (Figure 4, Panel A) . The increased presence of radial glia in chronic hypoxia suggests an ongoing regenerative response in which the generation of neuronal progenitors from stem cells may be increased. Proliferation or survival of radial glia may be promoted by the upregulation of Fgfr-1 in these cells seen in hypoxia. Consistent with this hypothesis, Fgf2, which binds to Fgfr-1, is necessary and sufficient to promote neurogenesis in the hippocampus after brain insults (Yoshimura et al. 2001) . Understanding the mechanisms of this attempt at cell replacement may allow us to promote brain repair in a way so far thought impossible.
In conclusion, Fgf2 and other growth factors may be necessary for both embryonic and adult neurogenesis, but the progenitors that express Fgf receptors may be differentially specified by cell-intrinsic factors to generate different types of cells. It remains to be determined to what extent these developmental rules may be changed under conditions of brain injury.
IS THE BRAIN EVER "STABLE"?
A stable neural network does not learn. Thus, some kind of instability must be "embedded" within the largely stable structure of the CNS, particularly in the forebrain. In agreement with this, the most extensive changes in cell number and synapses due to cell death and synaptic pruning occur in infancy, during the most active period of learning. Synapse formation is associated with critical periods for the acquisition of sensorimotor functions, emotional competence and language abilities. Evidence is accumulating that constant reorganization of synaptic connections occurs even in adolescence and adults. In the hippocampus, cyclic variations in cell proliferation and the density of synapses occur in connections with cyclic variations in the hormonal milieu . Thousands of new granule cells are born within the hippocampus each day and some may eventually connect to the CA3 pyramidal cells, suggesting extensive network reorganization during adulthood Cameron and McKay 2001) . Thus, it appears that some regions are set by infancy, and others are the site of late and/or constant reorganization. It would be interesting to find out whether the birth of new cells, which may be associated with learning, is driven by the re-expression of developmentally regulated transcription factors in these regions of the adult brain. 
